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We present a comprehensive theoretical and experimental study of voltage-controlled standing spin
waves resonance (SSWR) in PMN-PT/NiFe multiferroic heterostructures patterned into microstrips.
A spin-diode technique was used to observe ferromagnetic resonance (FMR) mode and SSWR in NiFe
strip mechanically coupled with a piezoelectric substrate. Application of an electric field to a PMN-
PT creates a strain in permalloy and thus shifts the FMR and SSWR fields due to the magnetostriction
effect. The experimental results are compared with micromagnetic simulations and a good agreement
between them is found for dynamics of FMR and SSWR with and without electric field. Moreover,
micromagnetic simulations enable us to discuss the amplitude and phase spatial distributions of FMR
and SSWR modes, which are not directly observable by means of spin diode detection technique.
Keywords: ferromagnetic resonance (FMR), spin waves modes, spin diode effect, multiferroics, anisotropic mag-
netoresistance (AMR)
I. INTRODUCTION
Information processing, transmission and storage in
modern electronic devices have been related to the elec-
tric charge flow and its accumulation. However, uti-
lizing spin waves (SW) propagating through the fer-
romagnetic medium as information carriers can lead
to significant reduction of current-flow-related energy
losses, thereby improving efficiency and speed of bi-
nary operations1. SW can be excited in ferromag-
netic material cuased by, e.g. radio frequency (RF)
magnetic field1–3, electric-field-induced magnetoelastic
anisotropy changes4, as well as spin torque5. On the
other hand, electric-field-modified magnetization dy-
namics (e.g. via voltage control effective anisotropy)
allows for electrical control of SW propagation in
ferromagnet4. Thereby, an electrical detection and gen-
eration of spin waves have become an attractive al-
ternative to charge-based electronics from an applica-
tion point of view. Newly designed spintronics de-
vices based on SW such as SW logic gates1,6, multifer-
roic SW generators4, SW multiplexers7, couplers3 and
waveguides2 have been currently strongly developed.
A particular case of SW are standing spin waves (SSW),
produced by an interference between waves reflected
back and forth. Standing spin waves resonance (SSWR)
have been intensively investigated by Brillouin light
scattering8 and also by local ferromagnetic resonance
(FMR) excitation3,9–11. Yamaguchi et al.12 as a first have
shown a spin diode (SD) detection of FMR/SSWR in
NiFe microstrips on a silicon substrate. Permalloy mi-
crostrips provide an excellent ferromagnetic medium to
study a nature of SSRW because of relatively low Gilbert
damping parameter (α ≈ 0.007) and high anisotropic
magnetoresistance (AMR) ratio (up to 4%)13,14. These
two important features are required for excitation and
detection of magnetization dynamics by means of spin
diode effect15,16. In this work, we demonstrate a volt-
age control of SSWR and also FMR in NiFe microstrip
deposited on PMN-PT piezoelectric substrate. SSWR
are excited with an alternatig magnetic field produced
by RF currnet, whereas a purely electrical detection is
based on SD effect. Voltage applied to the piezoelec-
tric substrate creates stress in ferromagnetic film, which
due to the inverse magnetostriction effect induces the
magnetoelastic anisotropy17, and consequently changes
FMR and SSWR fields.
II. EXPERIMENTAL
On a polished PMN-PT (0.72Pb(Mg1/3Nb2/3)-
O3–0.28PbTiO3) [011] oriented piezoelectric substrate, a
20 nm of Ni80Fe20 was deposited using magnetron sput-
tering. In order to apply electric field perpendiculary to
the piezoelectric substrate, the bottom side of the crystal
was covered by a Ti 5 nm/Au 50 nm layer. Microstrips
of 6.7 µm width and 90 µm length were fabricated
using electron beam lithography and ion-beam etch-
ing. Angular depenence of SD-FMR apmlitudes was
measured in a four-pole electromagnet probe station,
which enables application of an arbitrary field vector in
the sample plane. FMR spectra were measured using
(SD) technique similarly to Ref. 16. An RF current of
10 dBm power at frequencies in range form 3 GHz to 8
GHz was passed trough the ferromagnetic microstrip.
Magnetization oscillations induced by this current, due
to the AMR effect, cause small changes of resistance
in microwave frequency range, which mixes with RF
current and givea a raise of SD voltage. This voltage
was measured using a lock-in technique during the
magnetic field sweep at various magnetic field angles
θH . A top and bottom layer of PMN-PT piezoelectric
substrate were previously covered by 50nm of Au,
excluding inconsiderable area where micro-devices
were fabrication. In order to generate in-plane stress
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2in piezoelectric substrate, a 100 V was applied from
additional voltage source to top and bottom metallic
layer, simillary as in Ref. 18.
III. RESULTS AND DISCUSSION
A. Angular dependence of FMR and SSWR
Fig.1a. shows SD-FMR/SSWR spectra obtained for 0◦
≤ θH ≤ 90◦ magnetic field angles.
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FIG. 1: (a) FMR and SSWR spectra measured at constant fre-
quency (f=5GHz) as a functions of magnetic field at chosen
angles θH (arrows indicate SSWR). Black and green solid lines
represent Lorentzian function fits to FMR and SSWR, respec-
tively. Semi-transparent blue line represents sum of FMR and
SSWR fits, (b) angular dependence of SD-FMR amplitudes, (c)
2D-plot of SD voltage as a function of magnetic field magni-
tude and angle θH . The grey scale represents values of SD
voltage. (d) Angular dependences of FMR and SSWR reso-
nance fields.
Black and green solid lines represents Lorentzian
function fit to the FMR and SSWR, respectively, and
semi-transparent blue line represents a sum of both fit
lines. Measured and simulated SD-FMR amplitudes as a
function of θH are compared in Fig.1b and both of them
well satisfy the relation sin(2θH)cos(θH) proposed in
Ref.12. Fig.1c. shows a 2D-plot of SD voltage as a func-
tion of magnetic field angle and magnitude. Apart from
the uniform FMR mode, in this plot, also the SSWR can
be seen as a trace marked below FMR. The resonance
fields of FMR and SSWR as a function of θH are shown
in Fig.1d. The θH = 40◦ was selected for investigation
of an electric field control of SSWR and FMR resonance
fields, due to good separation between peaks and high
SD effect efficiency.
B. Electric-field control of SSWR
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FIG. 2: (a) FMR (b) SSWR spectra measured without (black
lines) and with (red lines) electric field of 2 kV/cm. (c) Simu-
lation and (d) experimental Kittel relations with and without
electric field. Comparison of simulation (empty) and experi-
mental (filled) Kittel relations without (e) and with (f) electric
field.
Examples of the electric-field tunable FMR spectra are
shown in Fig.2a. Typically, the amplitude of the SD volt-
age in the region of SSWR is about one order of mag-
nitude lower than SD-FMR voltage amplitude. Fig.2b.
shows magnified SSWR spectra. Dispersion relations of
FMR and SSWR are shown in Fig.2c. Black line rep-
resents measurements without electric field, while red
line represents measurements for the electric-field of 2
kV/cm. The shift of the FMR for the applied electric-
3field is the most visible at lower magnetic fields and
frequencies because of relatively low Zeeman magnetic
energy contribution to the total energy term18. The
most significant effect of electric field on SSWR was
obtained for 5 GHz. For higher frequencies/fields the
shifts of SSWR were smaller due to higher contribution
of Zeeman energy which compete with additional mag-
netoelastic energy. Despite the low magnetostriction of
Ni80Fe20 (λ ≈ 2.5 × 10−6)19, an application of electric
field (2 kV/cm) generates relatively strong SSWR shift
of 22 Oe.
Micromagnetic simulation, described in the next para-
graph, truly reflects dispersion relations shift (Fig.2d).
Fig.2e and Fig.2f quantitatively compare experimental
and simulation data obtained for 0 and 2 kV/cm, respec-
tively. Experimental and simulation spectra for constant
frequency of 5 GHz and electric field of 0 and 2kV/cm
are compared in Fig.3a and Fig.3b, respectively.
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FIG. 3: (a) Experimental and (b) simulation FMR and SSWR
spectra measured at θH = 40◦ at constant frequency of 5 GHz
at 0 and 2kV/cm of electric field.
IV. MICROMAGNETIC SIMULATIONS
In order to confirm that the measured modes are SS-
WRs and identify thier harmonic number, we performed
a set of micromagnetic simulations of FMR and SSWR
angular dependences and their behaviour in an elec-
tric field. We utilized OOMMF software20 together with
our custom extensions21,22 allowing for fast and efficient
preparation of the simulation files and analysis of the
obtained results. We assumed the following parameters
for the NiFe strips: ferromagnetic exchange constant
equal to 1.3 · 10−11 J/m, damping constant α = 0.007,
mesh qubic cell size equal to 5 nm. Saturation magne-
tization MS was given so that µ0MS = 1.2 T. A small
uniaxial anisotropy of KP = 785 J/m3 along the hard
in-plane axis was used. The shape anisotropy is taken
into account by means of demagnetization field calcula-
tions during simulation process. The LLG equation23,24
was solved numerically using the Runge–Kutta method.
To be able to use OOMMF for modelling of our rela-
tively large device, we simulated strips with full 6.7 µm
width (y axis) and 20 nm thickness (z axis) and used
finite periodic boundary conditions in the longest (90
µm) dimension. It was performed by calculating the
modified demagnetization tensor as introduced in the
OOMMF extension described in Ref. 25. Because of that,
we considered only a 100 nm long (x axis) part of the
strip, which was nonetheless sufficient for the purpose
of SSWR analysis since they did not propagate along the
longest x axis.
In the FMR and SSWR simulations, we dynamically
calculated the total AMR ratio for a strip based on the
magnetization vectors distribution in each time step. It
was done using an approach similar to the one pre-
sented in Ref. 26, namely we treated cells along the x
dimension as connected in series and then the resultant
channels as connected in parallel. The total resistance
was then mixed with the current in order to produce the
SD voltage output. By sweeping the magnetic bias field
values for different angles, we were able to localise FMR
and SSWR for an example frequency of 5 GHz (see Fig.
1d) and to reproduce the Vdc dependence on the angle
for a given bias field value (see Fig. 1b).
During the electric field simulations, we modeled the
effects of the external electric field as uniaxial anisotropy
changes assuming that a 1 kV/cm electric field de-
creases the anisotropy along the in-plane hard axis by
635 J/m3 and introduces a small additional anisotropy
of 80 J/m3 along the in-plane easy axis.
The inclusion of this effect caused both FMR and
SSWR values for a given frequency to move towards
smaller magnetic bias fields, which agrees with the ex-
perimental results (see Fig. 2). An example of a sim-
ulated SSWR line and its shift induced by the electric
field is depicted in Fig. 3b.
In all simulations described so far, the magnetiza-
tion was excited by an Oersted field. We assumed the
existence of the field produced by an electric current
flowing through a strip under some sort of symmetry-
breaking conditions, for example difference in Sond-
heimer Fuchs electron scattering at top and bottom NiFe
interfaces27. We note that if the current distribution is
perfectly symmetric, there are no uncompensated Oer-
sted field present in the system and rectification of a
non-zero output signal is impossible16,27. On the other
hand, if one allows the current distribution to produce
an uncompensated field, the SD signal will arise. We
used a simple assumption where the amplitude of RF
current flowing through the upper half of the stripe
(from 10 nm to 20 nm on the z axis) was twice as large as
the current flowing through the lower half (from 0 nm
to 10 nm). Although this approach does not allow for
an easy quantitative comparison of the Vdc signal am-
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FIG. 4: Spatial distribution maps of (a) FFT amplitude of FMR
mode, (b) FFT phase of FMR mode, (c) FFT amplitude of SSWR
3rd mode, (d) FFT phase of SSWR 3rd mode.
plitude with the experimental results, it should be suf-
ficient to reproduce qualitative features of the FMR and
SSWR lines. Fig.4. presents spatial distribution maps
of both the FMR and the SSWR mode under their re-
spective magnetic bias fields at constant frequency of 5
GHz, obtained using technique and software described
in Ref. 21. One can see, however, that the suspected
FMR mode (Fig.4a for amplitude and 4b for phase) does
not display the features one would expect from a gen-
uine ferromagnetic resonance, but instead indicates a
more complicated dynamics. We attribute this behav-
ior to the character of the nature of the Oersted field
excitation, which, even without the symmetry-breaking
present, introduces a constant phase difference of pi be-
tween two halves of the strip (as seen in Fig.4b). There-
fore, although the simulations we performed so far cor-
responded to the actual experimental procedure, they
did not provide us with information sufficient to iden-
tify the exact character of FMR and SSWR modes.
To confirm this hypothesis, we performed an addi-
tional set of simulations with the uncompensated mag-
netic field introduced artificially as a spatially uniform
field. While not corresponding to the experimental
procedure, this assumption eliminated the problem of
Oersted-originating phase difference and allowed us
to further investigate the character of our resonance
modes. We found that the resonance fields at 5 GHz
frequency of the suspected FMR and SSWR modes re-
mained unchanged with the new kind of excitation, but
their spatial distribution changed, as presented in Fig.5.
One can see that the first mode (Fig.5a and 5b) presents
now a clear ferromagnetic resonance character with a
nearly uniform amplitude and virtually no phase dif-
ference across the whole sample. The second mode
(Fig.5c and 5d) has also a more clear character when
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FIG. 5: Spatial distribution maps of (a) FFT amplitude of FMR
mode, (b) FFT phase of FMR mode, (c) FFT amplitude of the
3rd SSWR mode, (d) FFT phase of the 3rd SSWR mode, (e)
FFT amplitude of the 5th SSWR mode, (f) FFT phase of the 5th
SSWR mode. Black arrows indicates SSWR nodes.
compared to the results from Fig.4 and can be identi-
fied as a 3rd harmonic standing spin wave. Addition-
ally, at a lower bias field value we were able to identify
a smaller, 5th harmonic mode (Fig.5e and 5f), which was
not clearly visible in the experimental technique. We
conclude that the results obtained from uniform field
simulations indicate the actual physical nature of the in-
vestigated modes, which was partially obscured when
the experimental-like, Oersted field excitation was used.
Therefore, the first and the second mode observed in the
experimental part of this work can indeed be described
as the FMR and the SSWR mode, respectively.
V. SUMMARY
Magnetization dynamics in NiFe/PMN-PT multifer-
roics heterostructures was investigated using the SD ef-
fect. Firstly, the SD-FMR/SSWR spectra were measured
at different field angles, and in the next step, voltage
control of FMR and SSWR resonance fields was inves-
tigated. An electric field was applied across the PMN-
PT substrate to create a piezoelectric strain, which due
to the magnetostriction effect influenced the magnetoe-
lastic anisotropy of the NiFe film. Changes of the mag-
netic energy resulted in a shift of both FMR and SSWR
resonance fields. Experimental results were compared
with micromagnetic simulations, and a good quantita-
5tive agreement between them was found. Spatial dis-
tribution maps of the magnetization response to both
an Oersted-like excitation and a uniform excitation were
produced and the FMR/SSWR character of the induced
modes was analysed. The harmonic number of the in-
vestigated SSWR mode was also identified.
Further research on the magnetization dynamics in
multiferroics heterostructures will be necessary for de-
velopment of a new type of voltage-tunable microwave
filters or detectors with a very broad frequency range.
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